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A new method of synthesising nanoparticle-functionalised na-
nostructured materials via Aerosol Assisted Chemical Vapour
Deposition (AACVD) has been developed. Co-deposition of Au
nanoparticles with WO3 nanoneedles has been used to deposit a
sensing layer directly onto gas sensor substrates providing
devices with a six-fold increase in response to low concentrations
of a test analyte (ethanol).
Advances in technology provide new opportunities to exploit
the properties of materials at the nanoscale, for instance
greatly enhanced reactivities and selectivities have been re-
ported for nanoparticle (NP) catalysts compared to their bulk
counterparts,1 and in NP semiconducting metal oxide (MOX)
gas sensors dramatic increases in sensitivity are observed.2–5
Functionalisation of NP can strongly inﬂuence electronic,
optical and magnetic properties of the material and the
promise of nanotechnology may only ultimately be realised
by tailoring the NP properties through introduction of inten-
tional impurities or dopants.6 This is a very diﬃcult task for
nanostructured MOX (nanoneedles, nanoribbons, nanowires,
etc.),7–9 because physical methods of functionalising NP, such
as sputtering or evaporation, frequently lead to non-homo-
genous coverage and therefore the application of chemical
methods in which the NP is synthesised and functionalised in a
single step is potentially advantageous. Synthesising NP in the
gas phase has potential advantages over liquid phase synthesis
including greater purity, continuous mode operation and
higher throughput but also presents a number of challenges,
including the controlled deposition of nanoparticles onto
surfaces and the chemical modiﬁcation of individual nanopar-
ticles, either to passivate or functionalise their surface.10 The
use of aerosols for NP synthesis is well known and particle
size, crystallinity, degree of agglomeration, porosity, chemical
homogeneity and stoichiometry can all be controlled with
relative ease by adjusting the process parameters.11 Aerosol
assisted chemical vapour deposition (AACVD) is a variant of
traditional CVD in which a precursor solution is transported
to the substrate in an aerosol. The nucleation and growth
kinetics of nanostructured materials and thin ﬁlms are inﬂu-
enced by the deposition temperature and concentration of
reactive species, which in turn inﬂuence the microstructure and
thus the properties of the coatings. Nanostructured materials
can be obtained by controlling the degree of homogenous and
heterogeneous gas-phase reactions,12 hence by manipulating
reaction conditions deposition of nanostructured MOX can be
achieved13–15 and recently the application of AACVD for
deposition of metal NP has also been demonstrated.16,17
Combining these two syntheses together in a single AACVD
process could overcome the challenges associated with gas
phase NP synthesis by combining the ability to controllably
deposit MOX NP onto a surface and the ability to chemically
modify these MOX NP by co-deposition with metal NP. This
technique, which is expected to be applicable to the synthesis
of catalytic NP in general, is of particular relevance for
application in MOX gas sensors because these normally
respond to a wide range of analytes and functionalisation of
these materials with gold or other noble metal particles is
required to improve selectivity.5,9,18 Herein we report the use
of AACVD to deposit a NP-functionalised (gold) nanostruc-
tured material (WO3) and the gas sensing properties of this
nanomaterial.
A piezoelectric ultrasonic atomiser was used to generate an
aerosol from a precursor mixture (10 mg HAuCl43H2O
(Sigma-Aldrich, 99.9%) in 5 cm3 methanol (Sigma-Aldrich,
Z 99.6%) and 150 mg W(OPh)6 (synthesised according to the
literature19) in 15 cm3 acetone (Sigma-Aldrich, min. 99.8%))
which was transported to the heated substrate by a nitrogen
(Carburos Meta´licos, N2 Premier) gas ﬂow (0.5 l min
 1).
Under these conditions the time taken to transport the entire
volume of the solution, i.e. the deposition time, was typically
45 min. The substrates were 10 mm  10 mm  0.64 mm
Al2O3 tiles with inter-digitated Pt electrodes (gap: 300 mm,
thickness: 9 mm) on the surface and a Pt heater on the
reverse.20
To deposit gold NP supported on high surface area nanos-
tructured WO3 immobilised (i.e. adhered) on a substrate,
either glass, alumina or silicon, requires precise control of
the precursor supersaturation to prevent formation of non-
adherent powders or polycrystalline thin ﬁlms. In this context
the choice of precursors is crucial; the gold precursor should
decompose at a lower temperature than the MOX precursor to
ensure it undergoes homogenous nucleation in the gas phase to
form NP, whereas the MOX precursor must undergo some
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degree of heterogeneous reaction on the substrate surface. The
substrate temperature required for deposition of the Au NP/
WO3 nanoneedles (NN) was 350 1C; a deposition temperature
in excess of 550 1C is required to deposit WO3 nanoneedles
from W(OPh)6 alone on identical substrates,
21 which indicates
the Au NP, or gold precursor, play an active role in the
formation of the WO3 NN. The surface morphology of the
as-grown samples (Fig. 1) reveals a high density of non-aligned
NN and XRD (supplementary informationz) showed the
presence of monoclinic WO3 (P21/n space group, a =
7.4112(44) A˚, b = 7.7234(53) A˚, c = 7.7909(26) A˚ and beta
= 91.1641(43) A˚; ICDD card no. 72-0677 a= 7.30600 A˚, b=
7.54000 A˚, c = 7.69200 A˚ and beta = 90.881) with preferred
orientation in the [001] directionQ4 .yA diﬀraction peak at 38.1841
2y is assigned to the (111) plane of gold with the remaining
peaks assigned to Al2O3 (corundum) and MgAl2O4 (spinel)
from the alumina gas sensor substrates. TEM (Fig. 2) of
particles removed from the substrate by sonication in metha-
nol showed the presence of highly monodisperse gold nano-
particles (approximate diameter 11.13  0.19 nm for a total
population of 120 particles) randomly dispersed along the
surface of the WO3 NN. HRTEM analysis of Au/WO3
samples (Fig. 3a) showed the WO3 crystallites were highly
ordered with a planar spacing observed of 0.35–0.37 nm,
consistent with an internal order of the WO3 nanoneedles in
the [001] (0.5d = 0.3650 nm) or [020] (0.5d = 0.3770 nm)
directions. Crystalline ordering was also observed within the
Au particles (Fig. 3b) with the lattice spacing of 0.19 nm
corresponding to the (200) plane. Examination of the W 4f and
W 5p3/2 core level XPS spectrum (supplementary in-
formationz) of Au/WO3 samples compared to a WO3 thin
ﬁlm standard showed no diﬀerence in the peak positions,
indicating only a weak interaction between the WO3 NN
and the co-deposited Au NP. The peak broadening observed
in the Au/WO3 sample is associated with the presence of
surface defects in the WO3 NN which become quantitatively
important in the XPS spectrum due to the higher surface area
of the WO3 NN compared with the WO3 thin ﬁlm standard.
22
Examination of the Au 4f core level (supplementary in-
formationz) showed the deposited Au NP were metallic, again
indicating only a weak electronic interaction with the
WO3 NN.
The gas sensing characterization was carried out by mon-
itoring the resistance change of the Au/WO3 samples during
exposure to trace concentrations of ethanol in a continuous
ﬂow test chamber.23 Several sensor operating temperatures in
the range 150–350 1C were tested. A maximum sensor re-
sponse to 1.5 ppm of ethanol was achieved at an operating
temperature of 250 1C, a typical resistance response for these
conditions is displayed in Fig. 4. The Au/WO3 samples gave a
high sensor response (SR = 12) to low concentrations (1.5
ppm) of ethanol. In a previous study AACVD deposited
undoped WO3 NN had relatively much lower sensitivities
(SR = 2) to ethanol concentrations up to 20 ppm and
functionalisation of the WO3 NN by sputtering with Au
provided no increase in sensitivity.21 AACVD co-deposition
of Au NP with WO3 NN provides a six-fold increase in the
sensitivity of the WO3 towards low concentrations of ethanol
compared to either AACVD deposited WO3 NN or WO3 NN
decorated with sputtered Au. The Au NP enhance sensitivity
over non-functionalised WO3 NN by promoting reactions at
the surface of the MOX and by altering the Fermi energy of
the system through the metal/semiconductor interface. In
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Fig. 1 SEM image of NP Au/WO3 NN deposited via AACVD on
alumina gas sensor substrate at 350 1C.
Fig. 2 TEM images of WO3 NN with dispersed gold NP on the
surface; (a) overview and (b) detailed view.
Fig. 3 HRTEM images of (a) WO3 NN with Au NP on surface and
(b) close-up of Au NP.
Fig. 4 Typical gas sensor response to 1.5 ppm of ethanol at operating
temperature of 250 1C.
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sputtered samples agglomeration of Au NP particles is ob-
served, the enhanced sensitivity of the AACVD co-deposited
material is therefore ascribed to the smaller size and higher
dispersity of the Au NP, both factors which are known to
promote sensitivity.1,9 Of particular interest is the Au/WO3
samples in this study show an increase in electrical resistance
when exposed to ethanol, whereas WO3 gas sensors normally
show a reduction in resistance. A similar behaviour has
recently been reported for TeO2 nanowire
24 and WO3 nanor-
od25 based gas sensors upon exposure to ethanol. The eﬀect is
attributed to ethanol behaving as an oxidative gas under
certain conditions of concentration and temperature,24,26
which causes a change in the Fermi energy of the MOX hence
forming an inversion layer at the surface. This change from n-
to p-type conduction becomes dominant in MOX NN due to
the comparable dimensions between the mean free path of the
carriers and the diameter of the NN.27,28 An important factor
in the performance of a gas sensor is long term stability under
operating conditions. After the gas sensing experiments, run-
ning through a month at temperatures up to 350 1C and in
several environments (NO2, CO, NH3), the Au/WO3 samples
were examined again using ESEM and TEM. In comparison
to the initial samples the morphology of the WO3 NN was
unchanged and the dispersion and size of the Au NP were
identical, indicating the potential of these materials for appli-
cation in gas sensor devices.
In conclusion, a methodology for the co-deposition of WO3
NN and Au NP via AACVD has been developed and used to
deposit Au/WO3 samples directly onto gas sensor substrates.
These gas sensors have high sensitivities to low concentrations
(1.5 ppm) of ethanol and the measured change in electrical
resistance is reversed compared to traditional WO3-based gas
sensors. AACVD has previously been used to deposit not only
nanostructured WO3
22 but also nanostructured In2O3,
14
ZnO29 and MoS2,
30 and the ability to use either NP precursors
or preformed NP (deposition of Al, Cu and Ag particles31 as
well as Au particles16 has already been reported) indicates
AACVD could provide a simple and ﬂexible way to directly
deposit nanostructured materials functionalised with metal
NP onto deﬁned surfaces for use in catalysis and gas sensing.
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